Abstract: Temperature gradients, thermal cycling and temperatures outside the optimal operation range can have a significant influence on the reliability and lifetime of Li-ion battery cells. Therefore, it is essential for the developer of large-scale battery systems to know the thermal characteristics, such as heat source location, heat capacity and thermal conductivity, of a single cell in order to design appropriate cooling measures. This paper describes an advanced test facility, which allows not only an estimation of the thermal properties of a battery cell, but also the verification of proposed cooling strategies in operation. To do this, an active measuring unit consisting of a temperature and heat flux density sensor and a Peltier element was developed. These temperature/heat flux sensing (THFS) units are uniformly arranged around a battery cell with a spatial resolution of 25 mm. Consequently, the temperature or heat flux density can be controlled individually, thus forming regions with constant temperature (cooling) or zero heat flux (insulation). This test setup covers the whole development loop from thermal characterization to the design and verification of the proposed cooling strategy.
Introduction
Li-Ion batteries are widely used for different applications due to their high specific energy and power density, excellent coulombic efficiency and low memory effect [1] . Reliability and life-time of a battery system are essential factors to achieve technical and economic success with a product, such as an electric vehicle (EV) or a stationary energy storage system. Despite the very good electrical performance mentioned above, the operating conditions are subject to certain restrictions. For instance, Waldmann et al. [2] reported that Lithium plating is observed if a cell is operated below 25 • C, but also elevated temperatures above 25 • C accelerate other degradation reactions such as solid-electrolyte interphase (SEI) growth, which leads to capacity fade, increase in internal resistance, and, in the worst case, to thermal runaway. An increase in internal resistance caused by elevated temperature was also reported by Bloom et al. [3] and Vetter et al. [4] . Troxler et al. [5] showed that, in the case of a temperature gradient across a single cell, the behavior is dictated by the higher temperature region, and the overall performance is comparable to a cell with higher uniform temperature. In order to avoid these types of degradation, the battery cell has to be kept within a narrow temperature range throughout its operational lifetime. The described effects are even more crucial if a large number of cells are connected in parallel to form a high capacity battery system as used in EV. Any resistance differences caused by temperature variation among the cells within a system can lead to additional undesired effects. As found by Gogoana et al. [6] , a 20% variation in the internal resistance of two cells connected in parallel can lead to a 40% reduction in their lifetime.
However, protection of the battery system against changing ambient temperature conditions is not sufficient. Rather, the heat generated within the cell due to resistive losses and change in entropy have to be considered [7, 8] . Under certain circumstances, even endothermic behavior can be observed [9] . In order to avoid the above-mentioned temperature induced degradation phenomenon and to prolong the operational lifetime of a battery system, an adequate thermal management system is needed. This was the motivation for the authors to conceive a new method for thermal cell characterization, which delivers all the necessary information on the cell behavior to develop optimized thermal management systems.
In this study, the term thermal behavior includes system parameters such as heat conductivity λ or heat capacity c p of the cell itself, but also the amount of heat which is generated inside the cell during a given load profile. Additionally, the location at the cell surface where the heat is released to the environment is of great interest. It will be shown that the proper selection of the location where the cooling system is in contact with the battery cell has a great impact on its efficiency. In order to determine this type of thermal cell behavior, localized acquisition of the required quantities is mandatory. Thermal imaging is a possible approach to capture high resolution temperature fields. This type of thermal imaging is usually accomplished through charge/discharge cycles while the cell is under natural convection at a given temperature [10, 11] . A major drawback of the thermal imaging method is the lack of information regarding the amount of heat exchanged with its surroundings. Moreover, the method ignores the fact that a cell is usually closely packed inside a battery module. In such a setting, several cells are in contact with each other and the framework of the battery, which has a significant impact on heat flow within the system. On the other hand, the cell global parameters such as heat capacity c p can be identified precisely using an accelerated rate calorimeter (ARC). However, no information about local differences in heat dissipation is obtained.
A procedure with local heat flux measurements has been proposed by Murashko et al. [12] , which was used to determine the thermal conductivity and specific heat capacity of a pouch cell. Similarly, the approach presented in this paper includes the simultaneous acquisition of local temperature and heat flux density. Moreover, using the introduced test rig with the specially developed sensing units enables both quantities to be controlled actively, which allows the reproduction of various packaging situations.
Experimental

System Overview
The test rig described in this paper has the ability to acquire and control heat flux and temperature distribution on the surface of prismatic and pouch cells with a spatial resolution of 25 mm. However, it has to be considered that the thermal coupling between the sensing unit and a pouch cell is more difficult. This is because the pouch cell packaging is not able to withstand the necessary contact forces. Therefore, the first set of experiments presented in this paper was conducted on a prismatic cell. To do this, the cell under test is surrounded by 87 uniformly distributed temperature/heat flux sensor (THFS) units, which are in contact with the battery cell on one side while connected to a heat sink on the other side. The heat sink consists of an aluminum block with integrated cooling channels through which a coolant with the fixed temperature T sink is circulated. The main functionality of the THFS units is to measure the surface temperature of the device under test, as well as the heat flux density flowing from the sample towards the heat sink or vice versa. In addition, either one of the two measured quantities can be used as a feedback signal for a closed loop control as shown in Figure 1 . Thus, the two sensor signals are acquired using the according hardware (PXIe-4353 and PXIe-6375, National Instruments, Austin, TX, USA) in a PXI chassis. In order to operate all THFS units used in the test rig, a multi-channel power electronic was designed and built, which can be individually controlled by pulse width modulated (PWM) outputs of a Digital I/O Module (NI PXIe-6537, National Instruments). The data acquisition and the multi-channel control algorithm is implemented in LabView (Version 15.0.1, National Instruments) and allows each of the 87 THFS units to be operated with individual set points and operation modes. Therefore, two proportional-integral (PI) controllers with their respective parameters are running in parallel. The discrete representation of the controller is yielded through a first-order hold approximation according to Equations (1)- (4):
where K r is the proportional gain, K r /T N is the integral gain, T S is the controller sampling time, e(k) and e(k − 1) are the current and previous control error, and y(k) and y(k − 1) are the current and previous controller output. When switching from one operation mode to the other, the integral term of the controllers is reset in order to avoid wind-up problems. The ability to individually control each of the 87 THFS units permits the comparison and verification of different cooling strategies as described in Section 3.2 below.
PI(s)
PI ( Operation Mode 1 (constant temperature). This operation mode is used to keep the battery cell surface temperature at a certain level. To do this, the measured temperature is used as a feedback signal for the closed loop, hence leading to an actively controlled current in the thermo-electric cooler (TEC). At the same time, the heat flux needed to reach the desired cell temperature is measured at each location. If this operation mode is applied to all THFS units at the same time, the heat generation of the battery cell can be quantified and localized. On the other hand, this mode can be applied to a subset of THFS units to simulate a certain cooling strategy, such as constant temperature on the bottom side of the battery cell.
Operation Mode 2 (constant heat flux). This operation mode is mainly used to reproduce the situation of realistic packaging scenarios. In contrast to the case above, the measured heat flux density is used here as feedback for the control loop. In this way, a thermal insulation can be realized by applying the desired heat flux density value of 0 W·m −2 . Alternatively, a specific heat transfer coefficient can be simulated by calculating the desired heat flux density according to:q
where T Bat is the measured temperature of the battery cell, T v is the temperature of the virtual element in contact with the battery and α sim is the heat transfer coefficient to be simulated.
Temperature/Heat Flux Sensor Unit
In order to locally measure and control temperature and heat flux density, an active sensing unit was developed. This so called temperature/heat flux sensor unit-as shown in the cross-section in Figure 2 -is composed of two copper parts, one thermo-couple and two thermo-electric cooler/generator (TEC/TEG). The thermo-couple is installed in the center of the first copper plate, which is only 2 mm thick. The low thickness was chosen to achieve a reasonable response time for the surface temperature measurement. The second element in the stack is the TEG, which is used as the heat flux density sensor. For this purpose, the sensitivity of each TEG element was determined using a specially designed calibration setup. The combined measurement uncertainty of the measured heat flux density is as low as 1.5%. The third element is the TEC, which is used in conjunction with a power stage to actively control the operating mode of the THFS unit. The last element on the far right in Figure 2 is another copper part which is in contact with the heat sink. For the sake of simplicity, the same type of thermo-electric element (TB-31-1.0-2.0 from Kryotherm, Saint-Petersburg, Russia) is used as TEG sensor (Seebeck effect) and TEC actuator (Peltier effect), respectively [13, 14] . In order to estimate the achievable cooling capabilities for the chosen TEC, a one-dimensional thermal analysis of the THFS was conducted. For that matter, the TEC was modeled as an equivalent circuit model (ECM) according to [15] . The ECM used for the one-dimensional thermal calculations and the relevant parameters are shown in Figure 2 and Table 1 , respectively. Thereby, the temperature difference ∆T 0 is a function of the current I and the temperature T 2 given in Kelvin according to: The parameters for the TEC model are derived from data sheet values according to Equations (7)-(9) as described in [15] :
It could be shown that the proposed design of the THFS unit is capable of dissipating 1.5 W to 2 W of heat over a wide range of heat sink temperatures, i.e., 0 • C to 30 • C. Taking into account the fact that in some scenarios only some THFS units are used to cool the whole battery cell while the remaining ones are used to simulate thermal insulation, the achieved 2 W seems to be a reasonable order of magnitude. For instance, the total heat loss generated by the investigated prismatic cell under a 2C loading is expected to be about 14 W, which means that only seven THFS units would be needed to dissipate this amount of heat.
Results and Discussion
Thermal Characterization
In this experiment, a 60 Ah high energy density lithium mangan oxid (LMO) cell with physical dimensions of 175 mm × 125 mm × 45 mm is tested. For the characterization measurement, all THFS units are operated in mode 1, which means that the whole surface of the prismatic cell is held constant at 25 • C. Meanwhile, the cell is cycled at a rate of 2C (120 A) between the lower and upper voltage levels of 3.5 V and 4 V, respectively. Comparing these values to the open circuit voltage of the cell, the cycle corresponds to 10% to 80% state of charge (SoC). However, since the 2C rate leads to a considerable voltage drop across the internal resistance, the effective charge during one cycle measured by coulomb counting is 21 Ah, or 36% of the nominal capacity. In order to minimize the effect of variations of the generated heat, the constant voltage phase at the upper boundary of 4 V is kept to a minimum. To do this, the unloading cycle is triggered as soon as the loading current drops below 119 A. The applied load profile is depicted in Figure 3 At the beginning of the experiment, internal temperature gradients are building up, which leads to the underlying exponential behavior of the heat flux measurements shown in Figure 4 . In addition, a superimposed heat flux variation is visible, creating a periodic pattern, which is synchronized with the loading and unloading cycles. It is well known that the heat generation within a Li-ion battery cell is not constant for a given current. According to Liu et al. [16] , the generated heat consists of joule heat and reaction heat, which are both dependent, amongst others, on state of charge. However, it can be stated that the system reached a quasi-steady state after about two cycles or after 50 min. The post-processing and visualization of the measurement data, as presented below, was conducted in Matlab (Version R2016a, The MathWorks, Inc., Natick, MA, USA). Figure 5 shows the measured heat flux distribution after one hour at steady state with all 87 THFS units operated in temperature controlled mode. Therefore, the total area of the active cooling elements is equal to 19,575 mm 2 , or 27% of the total battery cell surface. Based on these results, the following observations can be formulated:
• The heat flux density on the side faces as well as on the bottom side are close to zero.
• The main part of the heat is almost uniformly released through the large front and rear side.
• The largest heat flux density was measured in close proximity to the positive terminal of the battery cell (see top right corner in Figure 5 ). These results may be partly explained by taking the internal structure of the battery cell into account. In order to do this, the tested prismatic cell is disassembled for further examination. Thereby, the aluminum enclosure is found to contain four stacked pouch cells. The current collectors for anode and cathode are placed on opposite sides of the pouch cells and are bound together inside the left and right parts of the prismatic cell in Figure 6 . Furthermore, they extend to the top side of the enclosure, in order to make a connection to the electrical terminal. Plastic mounting brackets are used for the proper positioning of the pouch cell stack within the enclosure. In addition, the plastic parts act as electrical insulation between the current collectors and the enclosure. In general, electrical conductors also exhibit a low thermal resistance. Therefore, a fairly good heat dissipation within the yz-plane (see Figure 7) as well as towards the electrical terminals can be expected. Thus, the low heat flux density on the side faces is a rather surprising result. A possible reason for this observation are the plastic spacers on each side of the pouch cell stack, which introduce an additional thermal resistance to this path (y-direction), resulting in a reduced heat transfer. On the other hand, the high heat flux density measured in close proximity to the electrical terminals can be explained by the low thermal resistance of electrical conductors. Another interesting result is the observed asymmetry between the two electrical terminals. The fact that the positive terminal is in contact with the enclosure is one explanation for the high heat flux density in this region. The above listed observations regarding the heat flux distribution can be qualitatively explained, or even predicted, by examining the internal structure of the cell. However, the extent to which the heat flux density varies between the different sides of the cell is surprisingly large. As shown in Table 2 , the average heat flux density on the front and rear sides is higher by a factor of 8, compared to the bottom side. Taking the integral over all THFS units, the average amount of dissipated power is found to be 12.7 W during a discharge and 13.6 W during a charge cycle, respectively. Since the measured values for charge and discharge differ, the generated heat is not only due to joule effect, but indicates the presence of reversible entropy heat. However, the values are slightly lower than the average joule heat dissipated in the internal resistance derived from voltage and current measurements, which is 15.2 W. This difference is due to the fact that some portion of the generated heat is not captured by the THFS units, which will be discussed in more detail in Section 4. Therefore, the presented test rig is not suitable for calorimetric experiments such as ARC, but is able to reveal the heat release capabilities of different areas of the cell. Table 2 . Average heat flux density on the different sides of the battery cell at t = 60 min.
Position
Heat Flux Density Surface Area The described thermal characterization of a battery cell provides useful information for the design of an efficient thermal management system. The results presented in this paper clearly show that the amount of heat which needs to be dissipated is not the only important design criterion. In fact, the proper selection of the location for cooling a battery cell is a crucial point in order to minimize the internal temperature gradients.
Cooling Strategies
In order to emphasize the point made in the previous section, three tests were performed with different cooling strategies. For such a verification, some THFS units are operated in mode 1 (cooling), while the remaining THFS units are operated in mode 2 (insulation). Therefore, the main path for heat dissipation is the actively cooled face. In the first case, only the bottom side is held at a constant temperature of 25 • C, which corresponds to a situation with the cells packed side by side in such a way that the large sides are in contact with each other. From the design point of view, this arrangement is very appealing because it does not require a lot of space and the bottom side of the module is accessible for cooling purposes. Moreover, it is rather simple to accomplish the series connection of the cells by means of short metal straps if the cells have alternating opposing orientations. For these reasons, this configuration is nowadays used in many applications. However, in terms of temperature gradients within the cell, this arrangement is not favorable. The surface temperature distribution after four loading/unloading cycles at a rate of 2C is shown in Figure 7 and Table 3 . As can be seen, at a steady state, a temperature gradient of 6.5 • C developed over the height of the battery cell.
In order to reach a more homogeneous temperature distribution, the most promising locations for cooling the battery cell seem to be in proximity to the electrical terminals or in the center of the front/rear face. This assumption is made because, in those areas, the dissipated heat flux density is the highest (see Figure 5) . In order to confirm this, two more experiments are performed.
During the first experiment, seven THFS units with a total active area of 1575 mm 2 (i.e., 2.7% of the total battery cell surface area, which is 70,750 mm 2 ) are used to keep the bottom side of the battery cell at a constant temperature of 25 • C. For the sake of comparability, a similar active area is chosen for all subsequent sets of experiments. In order to implement the terminal cooling strategy, a total of eight THFS units is operated in temperature controlled mode: two of them at each terminal on the front and rear side, respectively. Figure 8 shows the temperature field after approximately 120 min of 2C loading/unloading cycles. The actively cooled areas next to the electrical terminals are clearly visible. Furthermore, a temperature gradient has built up towards the bottom of the cell. The maximum temperature measured during this experiment is 30.1 • C, which is 1.5 • C less than in the first experiment. In other words, when choosing a more appropriate location for the active cooling of the battery cell, the resulting surface temperature gradient can be reduced by about 23%. This effect becomes even more apparent in the case of the third scenario. Here, the active cooling is placed right in the center of the front and rear face, respectively. Thereby, four THFS units are used on each side. In this case, the maximum temperature gradient can be reduced further to a level as low as 3.6 • C, as shown in Figure 9 , which corresponds to a reduction of 40% compared to the first scenario. Obviously, this could be further improved by increasing the actively cooled area on the front and rear faces, which would make sense also from a design point of view. This means, in a real world application, iso-thermal heat sink plates could be located between each pair of battery cells. For the battery cell under investigation, such a configuration would lead to differences in the surface temperature that are literally not measurable.
Conclusions
The methodology presented in this paper can be used to perform a thermal characterization of single battery cells. This enables the amount and location of released heat for a given load profile to be obtained as a result. Thereby, it is possible to draw conclusions about the internal structure of a battery cell. With known low thermal resistivity paths, the optimal location for active cooling can be found. The same test setup can be operated in a different mode to verify the effectiveness of a proposed cooling scheme and to evaluate the resulting temperature gradient on the battery cell surface. This can be accomplished by changing software settings only and without rearranging the battery cell or any other part of the setup. It has been shown that the location of an active cooling system is a crucial point when designing thermal management systems for batteries. For the example presented in this paper, the maximum surface temperature can be reduced by 40% for a given load profile simply by varying the location of the actively cooled areas. Although the internal temperature of the battery cell is not captured, they are supposed to reduce in correlation with the surface temperature. In addition, some work is in progress to use the data from these types of experiments to automatically identify the parameters of a lumped model similar to work presented by Damay et al. [18] . At the present time, a mechanically more flexible version of the presented test rig has been built. The distance between the THFS units is adjustable within a range of 25 mm to 75 mm, which allows prismatic and pouch cells of various sizes to be accommodated. In addition, a system is under development to measure and control the heat transferred through the external electrical connectors. This is a necessary measure in order to improve the accuracy of the overall system. During the experiments presented in this paper, it was found that, in some cases, heat is not only released through the electrical connections, but also delivered towards the battery, due to resistive losses and Peltier effects at the electrical connections. Additionally, work is in progress to downsize the THFS units in such a way that they can be applied on 18,650 cylindrical cells. Besides the miniaturization itself, the main challenge is the low power dissipation of small sized cells.
A challenge inherent to the presented test method is the fact that it is not possible to cover the entire surface of a battery cell with active THFS units. This is mainly for practical reasons, such as the need for packaging and cabling. Another restriction for the arrangement presented here is the fact that zero distance between the copper plates of adjacent THFS units would lead to a thermal short cut and hence to an averaging of the temperature distribution. Therefore, the sensing elements of the THFS unit have to be framed. Thereby, some of the internally generated heat bypasses the sensor and is not captured by the test setup. In order to account for this, the heat loss between the THFS units needs to be minimized, which is accomplished by encapsulating the measurement units with insulating foam. Furthermore, the remaining heat loss will be estimated using a finite element model of a test scenario with a dummy battery cell made of a known material. To do this, a temperature gradient across a stainless steel block is obtained by setting the desired temperature of the THFS units on two opposing sides to different values (e.g., 15 • C and 25 • C). The remaining THFS units are operated in mode 2 and control the heat flux to be zero. In the finite element model (FEM), the exact same boundary conditions and material properties are used. The model is then used to tune the equivalent heat conductivity of the insulating foam in such a way that the calculated temperature gradient matches the measured values. This allows for a compensation of parasitic heat flux and will increase the overall accuracy of the method presented.
